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Abstract. Two different ultrasonic vibratory-cavitation test conditions have been applied to a 
welded-deposited austenitic stainless steel AISI 321 to evaluate the resistance of deposited 
layer to cavitation erosion-corrosion. The cavitation test was conducted utilizing two test 
fluids; water and 3.5% NaCl solution. In addition, a certain voltage difference has been applied 
between the test specimen and water to form a combination effect. The welding wire of the 
AISI 321 stainless steel was deposited onto AISI 1040 steel substrate by using tungsten inert 
gas welding process. To evaluate and compare the behavior of the deposited material, the 
cumulative mass loss curves were attained and discussed. Moreover, the surface topography 
and scanning electron microscope (SEM) micrographs were utilized to characterize the worn 
surface after the cavitation tests. The results showed that the surface subjected to cavitation 
was more affected when applying water-voltage condition comparing with the 3.5% NaCl 
solution condition. The results of material loss, surface roughness and scanning electron 
microscope are fairly consistent with each other. This study highlights the effect of 
electrochemical-mechanical combinations on resistance to cavitation erosion-corrosion. 
1. Introduction 
Cavitation is a type of wear that deteriorates material surface for the components subjected to 
underwater erosion such as hydro turbines, valves, pumps impeller. When a solid component moves in 
high speed through a liquid, high and low pressure regions form due to the relative motion between the 
component and liquid. This leads to frequent formation and collapsing bubbles near the solid surface, 
and so, high pressure shock waves and micro-jets can produce and damage the surface. Maximum 
pressure was found to be at the end stage of bubble collapse. It can reach to1750 MPa and the velocity 
of liquid jet released ranges from 120 m/s to several of 100 m/s. Consequently, loss of material takes 
place and small pits or cavities appear over the surface, affecting the performance of components and 
reduction their lifetime [1-7]. 
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It is known that the damaged surfaces of components due to cavitation can be restored by using the 
basic methods such as Metal Arc Welding (MAW) and Gas Tungsten Arc Welding (GTAW). 
Depositing the protective materials onto the origins to repair the defects or to combat cavitation 
erosion attack, can be achieved by those methods [8,9]. The behavior of material in the cavitation test 
differs by the test modes applied [10]. Various test liquids are usually used by the research works to 
evaluate the resistance to cavitation erosion such fresh water [11] and tap water [12]. The 3.5% NaCl 
solution is commonly used as a test liquid [11-14]. In addition, applying a voltage to the test forms a 
combined effect of mechanical and electrochemical interaction as well as accelerate forming the 
cavities [15]. In the present study, the water-voltage and 3.5%NaCl solution conditions were applied 
to evaluate the cavitation erosion–corrosion resistance of deposited AISI 321 stainless steel wire. 
Research works have been focused on wear resistance of this type of steel more than, in particular, on 
resistance to cavitation [16, 17]. Thus, in the present study, the deposited AISI 321 material was 
studied to evaluate its performance in resistance to cavitation erosion–corrosion.  
 
2. Experimental Procedure 
2.1 Tested materials and depositing technique. The solid welding wire of stainless steel AISI 321 
(equivalent to steel 06KH19N9T or "06X19H9T" manufactured according to the Russian standard 
GOST 18143-72) was deposited onto AISI 1040 steel substrate. The gas tungsten arc welding or 
tungsten inert gas welding (GTAW or TIG) process was utilized to deposit the 1.6 mm diameter 
welding wire with current of 120 A and voltage of 10-12 V. Three layers of stainless steel wire have 
been deposited onto substrate, and the final deposition thickness about 4 mm. The chemical 
compositions of the deposited material and substrate are shown in Table 1.  
Table 1. Chemical compositions of deposited material and substrate [wt. %] 






















AISI 1040 0.404 - - 0.283 0.6 0.142 0.0053 <0.001 - Bal. 
 
 
2.2 Specimens and cavitation test. The cavitation test specimens were prepared according to the 
requirements of performing the cavitation erosion test, which is the ASTM standard G32–10[18]. 
Using cylindrical substrate blocks with dimensions ϕ24×20 mm, the stainless steel wire was firstly 
deposited on them, and then, the substrate blocks were machined to the final required dimensions. All 
the machined specimens were ground together by silicon carbide grinding wheel to obtain the same 
surface state. The evaluation of surface resistance of the deposited material was conducted by 
obtaining the curves of cumulative weight loss for the two test conditions used in this study. 
Cavitation test was conducted under vibration frequency of 20 kHz, peak-to-peak amplitude of 50 µm, 
power of 500 W and applying voltage of 12 V. Fig. 1 shows the working principle of the cavitation 
test developed by authors [19], in which, the test specimen is attached to the vibratory horn. The 
specimens were exposed to 270 minutes of test. The procedure of conducting cavitation experiments 
included cleaning the test specimen by acetone, drying by hot air for 30-40 seconds, and weighing the 
















Figure 1. Work principle of the cavitation test facility. 
 
2.3 Equipment. The necessary equipments that have been used for evaluating the eroded surface, in 
addition to the cavitation vibratory device, included the optical profilometer Wyko NT 1100 and 
scanning electron microscope (SEM) TescanVEGA II XMU. Surface roughness was measured several 
times over the intended surface to determine the value of the arithmetic mean deviation of the 
roughness profile Ra. In addition, Shimadzu HMV-G21DT microhardness tester was used for 
measuring the microhardness of the surface exposed to cavitation under a load of 0.49 N as an 
arithmetic mean of 10 measurements. 
3. Results and Discussion  
3.1  Cavitation curves. The ultrasonic vibratory method was used to induce forming cavities over the 
tested surface of the deposited material. The relationship between the exposure time and the mass loss 
was plotted for a number of periods. This relationship is one of indications to surface resistance to 
cavitation erosion. Fig. 2 shows the results of mass loss for the two test conditions. Although the 
material loss produced by the water-voltage condition is more than that of 3.5% NaCl solution, the 
difference in material loss is not significant during the cavitation test. The same conditions (water-
voltage and 3.5% NaCl solution) were applied on AISI 1040 in a previous study [10], and there was a 
significant difference in material loss, which was estimated approximately 4 times at the last of the 
test. However, the material loss of AISI 321 was about 8.3 mg when applying the water-voltage 
condition, while it was about 6.2 mg using 3.5% NaCl solution condition. It was compared with the 
substrate AISI 1040 which has been tested at similar cavitation test parameters in the previous 
research work [20], where the cumulative material loss of AISI 1040 was about 125 mg. Fig. 3 shows 
the cumulative mass loss curves for the AISI 1040 and the AISI 321 steels.  
3.2  Surface roughness and microhardness. Surface roughness is an important factor in resistance to 
cavitation, and it can be considered as a useful indicator in evaluating the eroded surface. Table 2 
represents the arithmetic mean deviation of the roughness profile Ra for five measures taken on the 
surface of the AISI 321 stainless steel at the same area of measurement. Regarding the microhardness, 
the HV0.05 had been measured for the surface to be exposed to cavitation effect and was found to be 
420 ± 40. The good mechanical properties of stainless steel have certainly positive effects in resistance 
to cavitation erosion. Many research works have shown that the mechanical properties, e.g. hardness, 
affect the resistance to cavitation in stainless steels. It has been reported that the hardness is inversely 
proportional to cavitation erosion [21, 22].  
Table 2. The arithmetic mean deviation of the roughness profile Ra for the deposited AISI 321 
stainless steel before and after applying the two cavitation test conditions. 
Condition Value of Ra [µm] 
Before cavitation test  0.71 
Water-Voltage condition 1.06 









































Figure 3. Cumulative mass loss-time curve for the deposited AISI 321 stainless steel and 
AISI 1040 substrate. 
 
3.3 Topographical and SEM images. Surface topographical images and scanning electron 
microscope (SEM) micrographs have been utilized to evaluate the eroded surfaces of the welded-
deposit stainless steel AISI 321. Fig. 4 shows the SEM micrographs of the eroded surfaces at different 
magnification for the two cavitation test conditions. It can be noticed that the surface exposed to 
water-voltage condition is more affected by cavitation, as shown in Figs. a, b, and c, than of that 
subjected to the 3.5% NaCl solution as shown in Figs. d, e, and f. Comparing the size and appearance 
of cavities in the eroded surface, they appear to some degree to be big in size, deep, and dense as 
shown in Fig. 4c. This is due to the effect of voltage applied which forms a combination action, 
although the second cavitation test condition (3.5% NaCl solution) is not considered as a pure 
cavitation erosion. 
Regarding the surface roughness and texture of the deposited material, Fig. 5 shows three-
dimensional topographical images of the original surface before testing and the eroded surfaces when 
applying the two cavitation test conditions. The same indication can be considered when evaluating 
the topographical images of the eroded surfaces and the values of surface roughness Ra. The average 
values of the arithmetic mean deviation of the roughness profile Ra resulted from five measures taken 
for the same area of measure, were found to be as represented in Table 2. The maximum value of Ra 
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was as a result of applying water-voltage condition, which was of 1.06 µm, while it was of 0.91 for the 
3.5% NaCl solution condition. This gives an indication that the damage caused by water-voltage 
condition is more than of that caused by the 3.5% NaCl solution. As for the texture of the original and 
eroded surfaces shown in Fig. 5, it can be clearly seen the surface topography for each one. The 
grinding lines appear on the original surface to be tested as shown in Fig. 5a, and this surface is the 
initial state for comparison. The eroded surface shown in Fig. 5a represents the surface exposed to 
water-voltage cavitation test condition, and it appears to be more affected comparing with the others. 
Fig. 5c is the eroded surface when applying the 3.5% NaCl solution condition, and it seems to be less 
damaged than of that shown in Fig. 5b. It can be noticed the grinding line along the center of the 
surface shown in Fig. 5c. It can be evidence to ensure that the surface is less affected by the cavitation. 
These results are consistent with the results of cavitation tests, surface roughness values Ra, and the 























Figure 4. SEM micrographs of the eroded surfaces of AISI 321 for the two cavitation test conditions: 



































































Figure 5. Surface topography and Ra values of the AISI 321 before and after testing: a – original 
surface before cavitation test, b – water-voltage condition, c – 3.5% NaCl solution condition. 
 
4. Conclusion  
The welding wire of AISI 321 stainless steel was deposited by using gas tungsten arc welding process 
onto the AISI 1040 substrate. The ultrasonic vibratory tests, surface topography and scanning electron 
microscope - SEM micrographs were used to evaluate the cavitation erosion-corrosion resistance of 
the deposited layer. The main results are as follows:  
 The deposited layer was more damaged when applying the water-voltage condition comparing with 
applying the 3.5% NaCl solution condition. This is due to the significant effect of voltage which 
induces an electrochemical action. 
 Ultrasonics vibratory cavitation tests showed that the mass loss for the water-voltage condition was 
higher comparing with using the 3.5% NaCl solution. 
 The results of surface topography and scanning electron microscope micrographs are consistent 
with cavitation tests in terms of the eroded surfaces and the values of Ra. 
 Cavitation erosion-corrosion resistance of deposited AISI 321stainless steel layer is 12 times as 
high comparing with the 1040 steel substrate.  
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